This study investigates the CBM generation and CO 2 storage capacity of the coal-bearing Permian age Rio Bonito Formation in the Santa Terezinha Coalfield, Paraná Basin, Brazil. In order to assess the volumetrics of the coal seams a fourth-order sequence stratigraphic framework of the coal-bearing succession was established based on parasequence boundaries. A 3D geometric model based on data from 36 well logs was developed, and enabled subdivision of the study area into regions with very different CBM potential, due to variable cumulative coal thickness, depths and presence/absence of diabase. Strata of the coal-bearing Rio Bonito Formation were penetrated in well CBM001-ST-RS at a depth of 575.70 to 638.35 m, from which twelve coal seams and carbonaceous shales, ranging in thickness from 0.15 to 1.77 m, were retrieved for analysis. Gas desorption values range from 0.3 to 2.2 cm 3 /g. Gas composition is dominated by methane (> 94 Vol%). Gas isotopic analyses suggest a mixed biogenic and thermogenic origin. Vitrinite reflectance indicate a rank of high volatile A bituminous coal, with semi-anthracite occurring in contact with igneous rocks. The majority of the samples has vitrinite group contents > 50 Vol%, mineral matter-free basis. Ash yields range from 42.1 to 92.8 wt.%, whereas sulphur contents range from 0.1 to 7.7 wt.%. Volatile matter and calorific values (dry ash-free) range from 37.6 to 79.4 wt.%, and 2352 to 8107 kcal/kg, respectively. Mineral composition of the samples is dominated by quartz and kaolinite, whereas major element analyses show that SiO 2 is most abundant. The 3D model allowed volumetric calculation for the coal seams and formed the basis for calculations of gas content and CO 2 storage capacity.
INTRODUCTION
In Brazil, economically important coal-measures occur in the southern part of the Paraná Basin (Fig. 1) , covering portions of Rio Grande do Sul, Santa Catarina and Paraná states, with measured reserves in the order of 32 Billion t of coal (Inf. An. Ind. Carbo., 2000) . The coal occurrences are assigned to the Rio Bonito Formation, a fluvial to marine sand-and shale-prone lithostratigraphic unit of Early Permian age (Artinskian-Kungurian), Figure 1 . Earlier studies (Kalkreuth and Holz, 2000; Kalkreuth et al., 2003) indicated that the Santa Terezinha and Chico-Lomã coalfields in Rio Grande do Sul state ( core samples representing 12 coal seams and carbonaceous shales from the Permianage Rio Bonito Formation. The coal-bearing interval (cumulative coal/carbonaceous shale thickness = 7.41 m) was penetrated at a depth range from 605 to 638 m. Coal and shale samples were retrieved by wire line coring techniques to keep lost gas volumes to a minimum. The present study discusses the geological setting of the coalfield, the distribution of coal, sandstone, siltstone and other lithologies based on a 3D geological model, and results obtained from a number of analytical techniques applied to core samples from the CBM test well, including sequence stratigraphic analysis of the cored interval, determination of desorbed gas volumes on 24 canister samples, gas composition, stable C-isotopes, petrological and chemical analysis of the coal and carbonaceous coal samples, followed by high pressure CH 4 and CO 2 sorption tests on a selected number of samples.
Based on coal volumes determined by the 3D model and the average desorbed methane volume obtained from the canister samples the total methane content for the study area was estimated, whereas data from CO 2 sorption tests were used to evaluate the overall CO 2 sorption capacity for the coal and carbonaceous shale intervals.
GEOLOGICAL SETTING
The Paraná Basin is a huge intracratonic basin on the South-American platform, located in southernmost Brazil and northern Uruguay, parts of Paraguay and Argentina (Fig. 1) . The basin covers a surface area of about 1.700,000 km 2 , has actually a NE-SW elongated shape, and is approximately 1.750 km long and 900 km wide. The sedimentary infilling of the basin was controlled by tectonic-eustatic cycles linked to the evolution of Western Gondwana during Paleozoic and Mesozoic times.
The prevalence of eustatic-tectonic cycles, which controlled sedimentation in the Paraná Basin, has generated a stratigraphic record that is marked by numerous interruptions caused by erosion and non-deposition. Studies by Milani et al. (2007) suggest that the basin fill constitutes six second-order depositional sequences, ranging in age from the Late Ordovician to the Late Cretaceous. The coal-bearing stratigraphic interval studied herein corresponds to the "Gondwana I Supersequence", which is the third sequence of Milani et al. (2007) , ranging from Late Carboniferous to Late Permian. This second-order interval has been divided into seven third-order sequences by Holz et al. (2006) , labeled "Late Paleozoic third-order sequences" (LPTS) 1 to 7 (Fig. 3) .
The coal-bearing succession belongs to LPTS-3 and base of and is known lithostratigraphically as the Rio Bonito Formation (Early Permian: Early Sakmarian to Middle Artinskian). Some very thin (< 0.5 m) and laterally discontinuous coal seams occur as part of a facies association consisting of orthoconglomerates and coarse to fine subarkose sandstones, with planar and trough cross-bedding and fining-upwards cycles, topped by mudstones and coal, and are interpreted as a fluvial-deltaic system. The interfluves are characterized by muddy facies with argillaceous coal seams. This fluvial-deltaic interval characteristically occurs at the base of the Rio Bonito Formation, and is lithostratigraphically labeled the Triunfo Member of that formation.
This basal fluvio-deltaic succession is overlain by marine mudstones and finegrained sandstones from the Paraguaçu Member, and topped by the coastal and fluvial-deltaic sandstones of the Siderópolis Member, which contains important coal seams of considerable thickness and lateral continuity.
Detailed (third-order) sequence stratigraphy analysis of the interval corresponding to the Rio Bonito Formation (e.g., Holz, 1999; Holz et al., 2006) , clearly shows two distinct regional unconformities caused by significant Early Permian base-level changes. These unconformities are third-order sequence boundaries and roughly correspond to the lithostratigraphic limits (Fig. 3) .
The first of these unconformities, marked by glacio-marine facies topped by fluvial and deltaic sandstones, is located at the base of the Rio Bonito Formation, marked as sequence boundary SB-3 (Figs. 3 and 4) . Figure 3. Stratigraphic reference chart of the eastern margin of the Paraná Basin, where the most important coal seams occur. The coal-bearing succession is known as the Rio Bonito Formation (modified from Holz et al., 2010) . SB = sequence boundary, LPTS = Late Paleozoic Third-order Sequence.
The other sequence boundary of this interval (SB-4) is stratigraphically located close to the top of the Rio Bonito Formation, and is marked by fluvial to paralic facies (delta front, foreshore and shoreface sandstones), lithostratigraphically equivalent to the Siderópolis Member, overlying a marine offshore succession, lithostratigraphically labeled the Paraguaçú Member (Fig. 4) .
ANALYTICAL METHODS

Sequence stratigraphic analysis
The sequence stratigraphic analysis was based upon data from 36 boreholes supplied by the Brazilian Geological Survey (Fig. 2) and the test borehole drilled during the current study. Detailed sedimentologic and stratigraphic data were acquired from ten entirely cored wells (5 cm diameter) in order to establish the facies framework and to interpret the depositional systems. The sequence stratigraphy of the studied succession has been divided using the basic three-fold scheme of systems tracts (LST, TST, HST) as defined by the classic model of sequence stratigraphy (i.e., Posamentier and Vail, 1988) , since the data do not allow the recognition of other stratigraphic elements (such as the falling stage systems tract and its limiting surfaces). The nomenclature of the stratigraphic surfaces, however, follows the modern conventions (e.g., Catuneanu et al., 2009; . Therefore, the surface that separates the lowstand and the transgressive systems tracts is labeled the "maximum regressive surface" instead of Figure 4 . Sequence stratigraphic overview of the southernmost region of Brazil, enhancing the stratigraphic relationships within the coal-bearing Rio Bonito Formation across Rio Grande do Sul and Santa Catarina States, regions where the economically most important Brazilian coals occur. In the present paper, the coals of northeastern Rio Grande do Sul are focused (dotted rectangle).
the previous designation "transgressive surface". In order to recognize sequence boundaries and geometric systems tracts within the studied succession, two criteria were used: a) contacts between facies indicative of deep-water and shallow water settings, recording a base-level fall and a conceptual sequence boundary (i.e., a unconformity or its correlative conformity); b) vertical variations of facies in order to detect retrogradational and progradational stacking patterns.
Parasequences were delimited using the classical criteria of prograding and shoaling upwards successions bounded by flooding surfaces. In the coal-bearing succession, most of the parasequence limits are marked by coal underlying shoreface or foreshore sandstones.
3D modeling
For the geological modeling of the coal-bearing succession a academic version of the Petrel software from Schlumberger was used.
Basic data were organized in a Microsoft Excel file, listing for each borehole the following data: coordinates, altitude, total depth, type of basement lithology (granite etc.); and base/top depths of the following lithofacies: diabase, conglomerate, sandstone, mudstone and coal, divided by parasequence limits, so that the final 3D model would display the magmatic and siliciclastic facies and the coal distribution within each parasequence. Locations of faults were obtained from geological maps (1:50,000) supplied by the Brazilian Geological Survey. The orientation and the downwards extent of subvertical faults were obtained by borehole correlation, since no seismic data is available.
Sampling of the core samples and gas desorption measurements
The core samples of coal and carbonaceous shale (Table 1) were collected in 2 m intervals using a wireline coring device. In this technique the core samples are brought rapidly to surface, minimizing the loss of gas during retrieval. In case of well CBM001-ST-RS the time span took on average 6 minutes from the time the core was taken from the coal-bearing interval (606.36 to 638.22 m depth) to the time the core arrived at surface.
At surface the core was cut into intervals of 36 cm length, corresponding to the size of the canisters. The core was then put into the canisters, which were closed and placed into a temperature-controlled box (Fig. 5A) , a process taking another 5 to 10 minutes. The temperature in the box containing the canisters was set at 36 o C, corresponding to the estimated reservoir temperature at 600 m depth, where the coals and carbonaceous shales had been collected. This temperature level was based on a geothermal gradient determined from the bottom hole temperature of a nearby petroleum exploration well and the average annual temperature of the area.
The measurement of desorbed gas volumes started immediately after the canisters were closed, following the procedure as outlined by Mavor and Nelson (1997) . The measurement of desorbed gas is a simple technique, by which the canisters are periodically opened and the volume of gas liberated from the coal is determined via a connection to a water-filled burette (Fig. 5B) , from which the volume (cm by the gas is read off a scale. Each time a measurement was taken, the ambient pressure and temperature were also recorded and used for calculation of the final value of the desorbed gas volume. An example of a typical gas desorption curve is given in Figure 6A .
In addition to the measured desorbed gas volume (Gas-m), the lost gas volume (Gas-l) was estimated under the assumption (Mavor and Nelson, 1997 ) that the rate of cumulative gas desorption is proportional to the square root of desorption time, which allows to determine the lost gas content from a graph of the square root of the time of desorption versus the measured cumulative desorbed gas volumes (Fig. 6B) , and as such represented the gas lost from the time the coal was taken to the time the canister was closed. Another component to consider is the residual gas volume (Gas-r), representing the gas left in the coal after the gas liberation from the coal samples ceased. In the present study the residual gas content was not measured directly, but was estimated following a study by Gentzis and Bolen (2008) , which indicated that the Table 1 . Identification of canister samples used for gas desorbtion measurements (seam, depth interval, associated parasequence, sample number), ASTM coal rank, random vitrinite reflectances, ash yields and gas volumes (lost, measured, residual).
residual gas contents in coal make up a maximum of 4.5% of the desorbed gas volume determined.
3.4. Gas composition and δ 13 C isotopes Gas composition was determined by gas chromatography using a FID (flame ionization detector) and TCD (thermal conductivity detector). Carbon isotopic composition was determined by GC-TC-IRMS techniques (gas chromatographythermal conversion-isotope ratio monitoring system), connected to a gas chromatograph (HP8990) and a mass spectrometer (Finnigan MAT252). The results of the stable carbon isotopes are expressed in ‰ and were calibrated for carbon against the international PDB standard and for hydrogen against the VSMOW standard (Neto and Cerqueira, 2007) .
3.5. High-pressure CH 4 and CO 2 sorption tests Methane and carbon dioxide excess sorption isotherms were determined using the manometric method described by Krooss et al. (2002) . Sorption experiments were carried out on "as received" and moisture-equilibrated samples at 45°C and pressures up to 25 MPa. The equations of state (EOS) for CO 2 and CH 4 by Span and Wagner (1996) and Setzmann and Wagner (1991) , respectively, were used to calculate the specific density of the free gas phase under the experimental pressure and temperature conditions. Helium densities used for the assessment of the void volume of the measuring cell were calculated by a van der Waals EOS after Michels and Wouters (1941) . Figure 6 . Example of A) cumulative desorbed gas volumes versus time, canister 6; B) determination of lost gas volumes, canister 6.
Methane excess sorption isotherms were fitted by the Langmuir function:
Here n ads (mmol/g) denotes the adsorbed amount of substance at pressure p (MPa). P L (MPa) is the Langmuir pressure, corresponding to the pressure at which half of the ("monolayer") sorption sites are occupied and n L (mmol/g) is the "Langmuir amount of substance" (corresponding to the "Langmuir volume"), denoting the amount adsorbed at full occupation of the Langmuir monolayer. From this approximation of experimental data the Langmuir sorption capacity n L and the Langmuir pressure P L were obtained. The adsorbed amounts of substance were normalized to dry, ash-free mass and converted to volumes (Std. m 3 ) based on standard conditions defined by IUPAC (1997) .
Carbon dioxide excess sorption isotherms were approximated by a modified Langmuir model, taking into account the volume taken up by the adsorbed phase:
Approximation of experimental data using this three-parameter function yields, in addition to n L and P L , an estimate of the density of the adsorbed phase (ρ adsorbed ).
The total experimental error for adsorption measurements is less than 10% n ads for carbon dioxide isotherms and less than 3% n ads for methane isotherms at the final experimental pressure. Issues concerning the accuracy of the manometric sorption method used for this study, as well as a thorough evaluation of possible errors and pitfalls have been discussed recently by Li et al. (2010) and Gensterblum et al. (2009; .
Sample preparation for petrographic and chemical analyses
Preparation of coal samples involved sample drying, followed by reduction in grain size (jaw breaker, sieving), and reduction to sub-samples (riffle sampler) for chemical (ASTM, D 4326-84, 1991) and petrographic (ASTM, D 2797 (ASTM, D -85, 1991 analyses.
Petrographic analyses of the coal seams
Rank of the coal seams was established by random vitrinite reflectance measurement following standard procedures (ISO 7404/5, 2009; Bustin et al., 1989) . Petrographic composition of the seams was determined by maceral analysis (ISO 7404/3, 2009) using the maceral classification as established by ICCP (1963; .
Chemical analyses of the coal seams 3.8.1. Proximate analyses and calorific value determination
Moisture content (ASTM, D 3173-87, 1991) , ash content (ASTM, D 3174-89, 1991) , and volatile matter content (ASTM, D 3175-89a, 1991) were determined by proximate analyses. Fixed carbon content was determined by difference.
The calorific values of the coals were measured following ASTM, D 2015-91, 1991 using an Adiabatic Calorimeter Bomb.
X-ray diffraction to determine mineral phases in the coal
X-ray powder diffraction patterns were obtained with a X-ray diffractometer D-5000 Siemens-Bruker-AXS, 40kV, 25mA, CuKα radiations. For adjustments and graphics treatment the DiffracPlus ® ‚ Siemens-Bruker-AXS software was used, using steps of 0.02 o 2θ with a counting rate of 1 s/step in an interval of 2 to 72 degrees for the bulk samples. Semi-quantitative proportions of the identified minerals were calculated by the external standard method using the Joint Committee on Powder Diffraction Standards (JCPDF-PDF-2) data base.
X-ray fluorescence to determine major elements in the coal
Major element concentrations of the coal samples were determined using X-ray fluorescence (XRF). The elemental concentrations are expressed as the percent of oxide mass, corrected for the losses during ignition (heating the sample material at 1000°C for one hour in order to eliminate volatile compounds, especially H 2 O, but also CO 2 .
RESULTS AND DISCUSSION
Sequence stratigraphic analysis of the coal-bearing interval
In order to assess volume of coal seams correctly, an accurate correlation of the many coal-seams in the study area was necessary. Lateral continuity as well as splits and pinch-outs of coal seams had to be detected working with a inter-well distance up to 20 km. In order to minimize uncertainty concerning coal seam correlation, a fourthorder sequence stratigraphic framework of the coal-bearing succession was established, where parasequence limits were used to adequately subdivide the coalbearing succession and to function as guide-lines for coal seam correlation. This was based upon detailed facies analysis of 22 entirely cored boreholes (total thickness: 700 m) and 14 additional well logs with gamma-ray and resistivity curves. The analysis led to the recognition of 13 lithofacies (Table 2) , which were grouped into 6 facies associations (Table 3) , reflecting the record of continental to paralic depositional systems: a basal alluvial fan system and braided to meandering fluvial system with well-developed overbank deposits at the basal portion of the coal-bearing succession, changing upwards to a lagoonal barrier system and to a wave-dominated epicontinental marine system.
The recognition of flooding surfaces based upon facies contacts and depositional geometry (stacking patterns) led to the delineation of nine parasequences within the coal-bearing succession. Figure 7 shows an along-strike correlation section as an example. The high-resolution sequence-stratigraphic correlation permitted adequate correlation of coal seams, which was crucial for the 3D-modeling and for the correct volume calculation. Characterization of the parasequences and their importance regarding the coal seams is given in Table 4 . Table 2 . Facies characterization of the coal-bearing succession (Rio Bonito Formation). Table 3 . Lithofacies association and depositional systems of the coal-bearing succession (Rio Bonito Formation). Table 4 . Characterization of the parasequences forming the coal-bearing interval (Rio Bonito Formation).
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Structural geology
The structural pattern of the study area, investigated by developing a digital terrain model (DTM) and geologic mapping, is characterized by NW-SE striking normal faults, forming an array of fault blocks that downstep northeastward (Fig. 8) , reaching a depth of approximately 1000 m in the northern region of the study area, and with depth differences up to 600 m between different structural blocks (Fig. 9 ). This tectonic displacement explains in part the relatively high rank of the Santa Terezinha coal seams in comparison to coal seams in other coal deposits in southern Brazil such as the Candiota Coalfield (Fig. 1) , and therefore is a positive factor for the CBM potential of the study area. On the other hand, fault planes may function as dissipation paths for gas released by coal seams, hence affecting negatively the CBM potential.
Stratigraphic controls on potential areas for CBM
The integration of structural and stratigraphic analyses as described in the previous sections of this paper allow to subdivide the study area into domains with distinctive CBM potential (Fig. 10) . Five domains can be mapped: Figure 7 . Fourth-order stratigraphic framework of the study area. Sequence LPTS-3, forming the coal-bearing interval, is divided into nine parasequences. This is a strike section, i.e., parallel to the paleo-coastline. The insert map shows the approximate location of that coastline during the time of formation of parasequence 5. For location of section see Figure 2 . domain with high CBM potential due to relatively high cumulative thickness and adequate depth; 2.
domain with low to moderate CBM potential due to less cumulative coal thickness and shallower depth; 3.
domain with very low cumulative coal thickness, with almost no CBM potential; 4. domain with a high uncertainty level due to absence of data (no boreholes); 5.
domain with significant concentrations of diabase sills and dikes, which has to be investigated further before a resource estimate can be made. At the present stage of our investigations, it is still unclear whether the presence of hypabyssal intrusions affected the CBM potential positively (by enhancing the coal rank) or negatively (decreasing or eliminating any gas generated by the high thermal alteration of the organic matter) in that zone.
Coal rank, coal composition and coal seam thicknesses
Early petrological and geochemical studies of selected coal exploration boreholes in the Santa Terezinha Coalfield by Araújo et al. (1995) , showed that the coals, based on determination of vitrinite reflectances, are of predominantly high volatile bituminous A rank, with coal rank locally increased to meta-anthracitic due to contact with igneous intrusions (diabase), which occur in form of dykes and sills of various thickness across the coalfields. This study also showed that the majority of the seams were characterized by high mineral matter and inertinite contents. Figure 10 . CBM potential of the study area based upon structural and stratigraphic data as discussed in the text. Note the large uncertainty in the northwestern sector, adjacent to the zone with the highest potential. Shown is also the location of well CBM001-ST-RS in the area of high CBM potential.
The first regional study of vitrinite reflectances across the coalfield was published by Kern (2002) and Kalkreuth et al. (2003) , which included also data on the adjacent Chico Lomã and Morungava coalfields to the east (Fig. 11A) . The vitrinite reflectances increases in general from west to east (Fig. 11A) , corresponding to an increase from subbituminous coal rank in the Morungava coalfield to high volatile A bituminous coals in the Santa Terezinha coalfield. In addition to the regional coalification trend, there are localities, where coal rank has been locally affected by contact of the coal seams with volcanic rocks (Fig. 11A) . Results from maceral analyses (Kern, 2002) showed enrichment of inertinite macerals associated with high mineral matter contents in a number of seams, thus confirming the earlier studies by Araújo et al. (1995) .
Coal seams in the Morungava, Chico Lomã and Santa Terezinha coalfields are named by the Brazilian Geological Survey (CPRM) seam A through seam I (in descending order). Net coal thicknesses in the seams are highly variable, ranging from a few centimeters to a maximum of 3.67 m (Kern, 2002) .
The map reproduced in Figure 11B combines information on vitrinite reflectance variation and cumulative net coal thickness across the coalfields. The lines of isoreflectances obtained from trend surface analysis (Fig. 11B) show the general increase in vitrinite reflectances from the southwest (0.60% Rrandom) to the northeast (0.90% Rrandom).
Net cumulative coal thicknesses reach five and six meters in the Morungava and Chico Lomã coalfields, respectively (Fig. 11B) , whereas net cumulative coal thickness reaches more than 9 meters in the Santa Terezinha coalfield, indicating thus the highest CBM potential for this area based on net cumulative coal thickness. In addition, the recorded vitrinite reflectances for the coal seams in the Santa Terezinha Coalfield suggest that in this region coal rank has reached a level, where significant thermogenic gas generation from coal is expected to have occurred (Karweil, 1955) .
3D geological model and selection of CBM well site
In order to assess coal volume in the Santa Terezinha coalfield, a 3D geometric model was created for an area of approximately 20 x 40 km (Fig. 2) , based upon data from 36 well logs. For each borehole, five main lithologies were identified (coal, mudstone, sandstone, conglomerate and diabase) and the depth values for base and top of each bed were computed to form the entry data bank for the modeling software (Petrel from Schlumberger). Structural data (depth of crystalline basement and orientation of fault planes) were also integrated into the data base. Each of the coal-bearing parasequences were modeled, the output models are shown in Figures 12 A to C. The site of the CBM test hole was defined by evaluation of the structural and sequence stratigraphic setting of the coal-bearing strata (Fig. 10) , depth of the coal seams, cumulative coal thickness, and coal rank (vitrinite reflectance) (Figs. 11A and 11B), major fault systems and access considerations. Taking these parameters into account, a test-hole site was chosen in the central part of the study area (Fig. 2) , expecting the coal-bearing strata at approximately 600 m depth, a cumulative coal thickness in the order of 6-7 m, and vitrinite reflectances on the order of 0.80-0.90% Rrandom (Fig. 11B) . 
Well CBM001-ST-RS-lithological profile
The stratigraphic and lithological profile of well CBM001-ST-RS is shown in Figure  13 . As predicted from the 3D geological model and nearby coal exploration holes, the top of the coal-bearing sequence was encountered at approximately 606 m depth, composed of a total of twelve coaly intervals (coal seams and carbonaceous shales). The top part consists of a thick succession of unconsolidated sands (0 -350 m), followed by a 144.00 m thick succession of rock, which was retrieved as cuttings, with the age and lithology not being identified. The first identified rock units were the dark shales of the Serra Alta and Irati Formations (Fig. 13) , with a thickness of 19.50 m and 18.55 m, respectively. The dark shales of Serra Alta and Irati Formation are underlain by 43.56 m of shallow marine sediments of the Palermo Formation (Fig. 13) , represented predominantly by mudstones and fine-grained sandstone/siltstone lithologies.
The underlying coal-bearing Rio Bonito Formation was encountered from 575.70 to 638.35 m, with a thickness of 62.65 m (Fig. 13) . The formation is characterized by the predominance of sandstone, siltstone and silty shale in the top part (Fig. 13) , while coal, carbonaceous shale and mudstone are developed in the lower part. In this lower portion 12 coal seams and carbonaceous shales with a cumulative thickness of 7.41 m were identified, from which a total of 24 canister samples were tested for desorbed gas volumes (for position of the coals and carbonaceous shales see Figure 13 ), and the exact depth intervals for each seam and canister samples are given in Table 1 .
The well reached a total depth of 638.35 m, with all expected coaly intervals retrieved. It is estimated that approximately 30 m of Rio Bonito Formation sediments remain at this location between the bottom of hole and basement (Fig. 13) , based on the interpretation of strata in nearby older CPRM wells and the geological 3D model.
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Figure 12. Geometric model of the coal-bearing parasequences. (A) Geometric model of parasequences 2. Note large concentration of coal in the southern and mainly the northeastern sector of the modeled area. Since by that time the coastline was located to the north, outside the study area, significant coal seams were able to develop. (B) Geometric model of parasequence 3. The ongoing transgression caused southsouthwestward coastal encroachment (depicted by the yellow-colored foreshore/shoreface sandstones), hence less coal was formed in the study area during that time; (C) Geometric model of parasequence 4. Only a few coal seams formed due to the ongoing transgression (note increase in foreshore/shoreface sandstone modeled).
Determination of gas volumes associated with the coals and carbonaceous shales
Results from gas desorption measurements are shown in Table 1 . Total gas contents for the 24 canister samples, including measured, lost and residual gas, range from 0.32-2.18 cm 3 /g of coal. There is clear evidence that samples characterized by high ash yields such as the L1, L3 and I seams (Fig. 14) do have the lowest recorded gas desorption volumes, whereas canister samples from D and E seams (Fig. 14) , characterized by relatively low ash yields, do have significantly higher total gas desorption volumes. Figure 13 . Lithological profile of well CBM001-ST-RS and stratigraphic position of coals and carbonaceous shales obtained by wireline technique for sampling and analyses of desorbed gas volumes.
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A diagram showing the relationship between ash yields and total gas volumes is presented in Figure 15A . This diagram also shows that some of the samples within the contact-metamorphic aureoles of diabase intrusions have elevated gas contents, despite the fact, that they are characterized by very high ash yields (Fig. 15A) .
While ash yields show a negative correlation to desorbed gas volumes (Fig. 15A ), the opposite is true for vitrinite contents (Fig. 15B ), which show a positive correlation to the recorded desorbed gas volumes, although the scatter of data is significant. This observation confirms earlier studies on the methane adsorption capacity of coal lithotypes (Lamberson and Bustin, 1993) , showing that vitrain (vitrinite-rich lithotype) has the highest methane adsorption capacity of all lithotypes, related to the high internal surface area of the micropores associated with this maceral (Thomas and Damberger, 1976) .
Petrographic analyses of the coal seams 4.8.1. Coal rank based on vitrinite reflectance measurement
Results from vitrinite reflectance analyses are shown in Table 1 and in Figure 14 . The values range from 0.65 to 2.61% Rrandom, corresponding to a coal rank ranging from high volatile C bituminous coal to semi-anthracite. The high vitrinite reflectance values recorded for canister samples 2 and 3 from the upper part of the coal-bearing strata (Fig. 14) are related to their proximity to diabase intrusions, resulting in a secondary thermal alteration of the organic matter. The coal in canister sample 5, with a vitrinite reflectance of 1.44% Rrandom), also shows a value above the regional trend, although the core did not show any direct contact to diabase (Fig. 14) , which may have caused the increase in reflectance. Figure 15 . Diagram showing A) relationship between ash yields and desorbed gas volumes, red dots indicate coals affected by volcanic intrusions and B) relationship between vitrinite content and desorbed gas volume, well CBM001-ST-RS.
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Petrographic composition based on maceral analyses
Results from petrographic analyses ( (Table 5) is most likely related to a secondary thermal alteration caused by their proximity to volcanic rocks (Fig. 14) , which is corroborated by their anomalously high vitrinite reflectance values. Mineral matter contents, based on optical microscopy, range from 20.7 Vol% (D seam) to 97.2 Vol% (L1 seam), Table 5 . Within the vitrinite group (Table 6 ) the macerals collotelinite and collodetrinite are most abundant (Figs. 16A and B) , followed by vitrodetrinite (Fig. 16C) . Pseudovitrinite (?), characterized by slightly elevated reflectance values (Fig. 16D ) and remnant cell-structure is rare. Inertodetrinite (Fig. 16E ) is most abundant in the inertinite group (Table 6) , followed by fusinite and semifusinite (Figs. 16F and G) , with only minor contributions by macrinite (Fig. 16H) . Macerals of the liptinite group (Table 6 ) are dominated by sporinite (Figs. 16A, B and I), with minor contributions from cutinite (Fig. 16J) , resinite (Fig. 16D) and liptodetrinite (Fig. 16K) . The mineral matter (Table 6 ) is dominated by clay minerals (Figs. 16I and J), whereas carbonate (Figs. 16E and L), quartz (Fig. 16K) and pyrite (Fig. 16C ) are less abundant (Table 6) .
Considering the petrographic composition of the seams on a mineral matter-free basis (Fig. 17) , it is apparent that of the 12 seams analysed, four seams are extremely rich in inertinite macerals (62.4 to 98.8 Vol%). This includes two thin seams from the top of the coal-bearing interval (L1 and L3 seams) and two seams from the basal part (seams G and I). The remainder of the seams have vitrinite contents > 50 Vol% (Fig.  17) ranging from 54.0 to 93.4 Vol%. Liptinite contents are generally < 10 Vol%, except for a few seams, where liptinite contents vary from 10.1 to 16.2 Vol% (Fig. 17) .
Chemical analyses of the coal seams 4.9.1. Proximate and ultimate analyses, sulfur contents, calorific value
Results from proximate analyses of the 24 canister samples are listed in Table 5 . For seams represented by more than one canister, the thickness-weighted mean value has also been calculated. Moisture contents, on an as received basis, range from 0.71 (A seam) to 1.71 wt.% (L2 seam). The coal seams are characterized by high ash yields (Table 5 ) ranging from 42.08 wt.% (D seam) to 92.70 wt.% (A seam), with considerable in-seam variations as shown by those seams, from which more than one sample had been taken. Considering the International Classification of in-seam coals (1998) more than half of the 24 samples analyzed are in fact carbonaceous shales, with more than 50 wt.% ash (Fig. 18) The sulfur contents range from 0.12 to 7.68 wt.% (Table 5) B), where a pogressive increase of sulfur content is observed as marine strata are approached. In these seams massive pyrite lenses were observed, and their high sulphur contents are most likely related to these pyrite occurrences.
Gross calorific values, on an as received basis, range from 170 kcal/kg (L1 seam) to 6265 kcal/kg (A seam), Table 5 . Calorific values (d.a.f.) range from 2352 -8719 kcal/kg.
Mineral Composition based on x-ray diffraction analyses
The mineral composition of the coals and carbonaceous shales is highly variable (Table 7) , with the dominance of quartz (54 to 86%) and kaolinite (2 to 25%), on a full coal seam/carbonaceous shale basis. Other minerals determined in the canister samples included illite (2 to 10%), pyrite (2 to 10%), ankerite (2 to 15%), calcite (2 to 28%), dolomite (4 to 31%), plagioclase (2 to 10%) and rare alunite (4% in seam L1). Table 7 . Mineral distribution in the coal and carbonaceous shale samples from the Santa Terezinha coalfield based on x-ray diffraction analyses.
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Major element distribution based on x-ray fluorescence analyses
In the following discussion, the major element distribution is based on whole coal characteristics (Table 8) , in other words, the proportions of the different elements determined in the coal ash have been recalculated to present whole seam characteristics, according to the following procedure: (ash yield/100) x (major element content in ash) = major element content in coal. The SiO 2 contents (Table 8 ) range from 18.93 wt.% (seam A) to 67.07 wt.% (seam L1), with a mean of 38.47 wt.%, indicating that quartz is a major component of all of the coal seams. The Al 2 O 3 content is relatively low, ranging from 3.81 wt.% (seam A) to 18.22 wt.% (seam I), averaging 12.58 wt.% (Table 8) . TiO 2 contents are low (Table  8) , with all values < 1.0 wt.%, with a mean value of 0.55 wt.%. Fe 2 O 3 contents are highly variable (Table 8 ) ranging from 0.92 wt.% (seam L3) to 9.12 wt.% (seam A), averaging 3.00 wt.% (Table 8 ). MnO concentrations are low for all seams (< 0.1 wt.%), whereas MgO contents range from 0.17 (seam E) to 3.57 wt.% (seam A), with an average of 0.80 wt.% (Table 8) .
CaO contents are highly variable ranging from 0.21 (seam L1) to 7.27 wt.%, (seam A), with a mean of 1.70 wt.% (Table 8 ). The Na 2 O content in the coals is low, ranging from nil (seams L3, C, D, E, F, G, H) to 0.62 wt.% (seam L1), averaging 0.12 wt.% (Table 8) . K 2 O values in the coal seams range from 0.45 wt.% (seam A) to 2.51 wt.% (seam L1), with an average value of 0.99 wt.% (Table 8) . P 2 O 5 contents are extremely low in all seams, with a range of 0.02 -0.14 wt.%, with an average of 0.04 wt.% (Table 8) . SO 4 contents are highly variable, ranging from 0.09 wt.% (seam L1) to 2.77 wt.% (seam A), with an average of 1.01 wt.% (Table 8) .
The presence of CaO, SO 3 and MgO is thought to be related to minerals such as calcite, ankerite and dolomite (Kalkreuth et al., 2006) . X-ray diffraction analysis results presented here, actually identified these minerals in a number of seams (Table 7) .
Fe 2 O 3 and P 2 O 5 can be related to minerals such as pyrite, whereas Na 2 O, SiO 2 and K 2 O are linked to the occurrence of quartz, K-feldspar, plagioclase and kaolinite.
Considering the SiO 2 /Al 2 O 3 ratios shown in Table 8 , it is apparent that quartz was a major contributor to the mineral matter during accumulation and deposition of the coal seams and carbonaceous shales, in particular at the top (seams A through B) and at the base (seams H, I) of the coal-bearing strata.
The data on major elements obtained in the present study are consistent with data presented on the Santa Terezinha Coalfield in an earlier study (Kalkreuth et al., 2006) , which also showed high concentrations of SiO 2 and Al 2 O 3 associated with the coal seams.
Gas composition and carbon and hydrogen isotope ratios
Gas composition was determined on gas samples obtained from desorption canisters ( Table 9 ), indicating that methane is the predominant gas, ranging from 94.26 to 99.08%. Contents in hydrocarbons of higher C-atoms (ethane, propane, butane) occur (Table 9 ) but their concentrations are low (ethane = 0.22 to 1.06%; propane = nil to 0.93%; butane = nil to 0.06%). In addition, relatively small amounts of N 2 and CO 2 were recorded (Table 9) , ranging from nil to 4.79% and 0.22 to 1.12%, respectively.
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The coalbed methane (CBM) potential and CO 2 storage capacity of the Santa Terezinha Coalfield, Paraná Basin, and coal and carbonaceous shale characteristics and related desorption and adsorption capacities in samples from exploration borehole CBM001-ST-RS Table 8 . Major element distribution in the coals and carbonacous shales from the Santa Terezinha Coalfield based on x-ray fluorescence analysis (coal basis). Where coal and carbonaceous shale intervals represent more than on canister the weighted mean value has been calculated based on differences in thicknesses of the intervals.
Stable carbon isotope (δ 13 C) values in natural gas (methane) vary depending on the origin of the methane (Hunt, 1996) , with methane of biogenic origin characterized by δ 13 C values lighter than -60‰, while methane of thermogenic origin shows δ 13 C values heavier than -50‰ (Schoell, 1983; Faiz and Hendry, 2006) . The results obtained from the methane isotopic analyses of the present study, along with data on methane and C2+ concentrations (Fig. 19) , suggest that the gas presents a mixture containing both biogenic and thermogenic contributions to the overall composition of the methane. Concerning the maturity stage, as outlined by the vitrinite reflectance scale in Figure 19 , the data from the Santa Terezinha coals do not quite match the indicated range of 0.5 -0.6% Ro, but are in fact all significantly higher (Table 1) .
Hydrogen isotope variations determined for methane range from -197.00 to -203.55‰ (Table 9) . A combination of carbon and hydrogen isotope ratios (Whiticar, 1994; has been found particularly useful to characterize the various bacterial and thermogenic pathways for methane. Based on these studies, the data obtained from the Santa Terezinha Coalfield suggest an early mature stage of thermogenic derived methane from a humic source (Whiticar, 1994; .
3D modeling of lithology volumes identified in the study area
For the study area shown in Figure 2 lithology volumes were calculated for each of the coal-bearing parasequences (Table 10 A), based on the 3D model. According to this model siltstone and sandstones are the predominant lithologies, whereas conglomerate and diabase volumes are relatively minor. Coal volume is highest in parasequence 2 (1715 x 10 6 m 3 ), and decreases to 27 x 10 6 m 3 in parasequence 5 at the top of the coalbearing strata (Table 10 A). The overall volume of all lithologies in the study area is estimated to be in the order of 63504 x 10 6 m 3 (Table 10 B) , of which 3212 x 10 6 m 3 is coal. The latter value was multiplied by the average density value of the Santa Terezinha coalfield coals (1.79 g/cm 3 ), indicating a total of 5.46 x 10 9 t of coal to occur within the parasequences 2 to 5 of the study area.
Estimation of gas volume associated with the coal
The detailed coal volume (m 3 ) calculation for each parasequence (Table 11) , followed by the calculation of its mass equivalent (t), and averaged weighted desorbed gas Table 9 . Gas composition and stable carbon and hydrogen isotope ratios for methane from selected coal and carbonaceous shale samples from the Santa Terezinha Coalfield.
volumes allowed the estimation of gas volumes contained in the coals of each parasequence. The results show ( Table 11 ) that coals of parasequence 3 have the highest average total gas volume (1.28 cm 3 /g) resulting in the highest total gas volume (2.464.6 x 10 6 m 3 ) based on a coal mass of 1929.5 x 10 6 t associated with this parasequence (Table 11) . Parasequence 2, despite the fact having the highest coal content (2915.4 x 10 6 t), has a lower gas content, because the averaged desorbed gas volume is significantly lower (0.68 cm 3 /g). Parasequences 4 and 5 contribute only relatively minor amounts to the overall gas volume (Table 11) , because of the small coal contents. The overall gas volume associated with the coal seams in the study area is in the order of 5.5 Billion m 3 (Table 11) , considering an averaged desorbed gas volume of 1.004 cm 3 /g and 5460.4 x 10 6 t of coal. Comparison of these CH 4 sorption capacities with measured gas contents of coals from the CBM-001-ST-RS well shows that the current gas content (0.3 to 2.2 std. m 3 /t) is lower than the CH 4 excess sorption capacity, i.e. the coals are under-saturated with respect to methane (Fig. 20) . The actual methane contents of the coal seams, determined by canister desorption, thus correspond to 15% to 40% of the sorption capacity. Figure 20 . Correlation of excess sorption capacity with gas content of coal and carbonaceous shale (after Weniger et al., 2010) .
Maximum values of carbon dioxide excess sorption range from 0.25 to 0.64 mmol/g coal, dry ash-free basis (6 to 18 std. m 3 /t coal). Sorption capacities (n L ), obtained from the modified Langmuir function (Eq. (2), section 3.5) range between 0.69 to 1.11 mmol/g coal (6 to 15 std. m 3 /t coal). Methane and carbon dioxide sorption capacities decrease with increasing ash yield (Fig. 21) . The positive correlation between TOC content and sorption capacity (Fig. 22) shows that organic matter plays the predominant role in methane sorption. Even at low TOC values, the coal and carbonaceous shale samples still exhibit a significant sorption capacity for carbon dioxide (Fig. 22) , indicating that mineral matter contributes to the CO 2 sorption capacity.
No correlation was found between rank or maceral composition of the analyzed coals and their methane or carbon dioxide sorption capacity, even when the sorption capacities are re-calculated to an ash-free base. At an average reservoir pressure of 6.25 MPa, the sorption capacity for CO 2 is 2 to 7 times higher than that for CH 4 . Figure 21 . Maximum excess sorption capacities (45 °C) of methane and carbon dioxide as a function of ash yield for coals and carbonaceous shales (after Weniger et al., 2010) . A.r.: as received Figure 22 . Maximum excess sorption capacities for CH 4 and CO 2 vs. TOC contents of coal and shale samples from CBM001-ST-RS well and Permian (Irati) and Devonian (Ponta Grossa) shale samples (after Weniger et al., 2010) . A.r.: as received.
Evaluation of the CO 2 storage capacity for the study area
The undersaturated coals in the Santa Terezinha coalfield may be used for CO 2 storage. CO 2 injection could potentially be used to drive CO 2 -enhanced coalbed methane production (CO 2 -ECBM), whereby some of the currently sorbed methane would be produced. A simple approach based upon gas-in-place calculations described by van Bergen et al. (2001) and Hendriks et al. (2004) can be used to get a first estimation of the CO 2 storage potential of a coal basin. Using this approach, a CO 2 storage potential of 1.55 Gt CO 2 was estimated for a 20 x 40 km 2 area in the Santa Terezinha coalfield, if the available 'free' CO 2 sorption capacity were used. For the case of a combined CO 2 -ECBM operation, the CO 2 storage potential could be as high as 15 Gt CO 2 . However, in order to improve this rather simplistic approach, additional information regarding permeability, cap rock properties and environmental factors needs to be considered.
CONCLUSIONS
Geological Setting of the Coal-Bearing Strata. The sequence stratigraphic analysis of the coal-bearing interval led to the recognition of 13 lithofacies, which were grouped into 6 facies associations reflecting the record of continental to paralic depositional systems: a basal alluvial fan system and braided to meandering fluvial system with well developed overbank deposits at the basal portion of the coal-bearing succession, changing topwards to a lagoonal barrier system and to a wave-dominated epicontinental marine system. The recognition of flooding surfaces based upon facies contacts and upon depositional geometry (stacking patterns) led to the delineation of nine parasequences within the coal-bearing succession. Lowstand and highstand systems tract coals are subordinate or absent. Most coal seams are linked to the transgressive systems tract of the coal-bearing depositional sequence.
The structural pattern of the study area is characterized by NW-SE directed normal faults, forming an array of northeastwards downstepping blocks with depths up to 1.000 m, which partly explains the relatively high values of vitrinite reflectance of the coals of that coalfield in comparison to other coalfields of same geological age in southern Brazil.
Well CBM001-ST-RS. Strata of the coal-bearing Rio Bonito Formation were penetrated at a depth of 575.70 to 638.35 m. From this interval 12 coal seams and carbonaceous shales ranging in thickness from 0.15 to 1.77 m were retrieved for gas desorption measurements, followed by petrographical and chemical analyses and sorption experimentation.
Gas desorption values range from 0.32-2.18 cm 3 /g, with clear evidence that the lowest gas desorption values recorded are related to high ash yields of the samples. Gas composition is dominated by methane (> 94 Vol%), with only minor amounts of CO 2 and N 2 and higher molecular hydrocarbons. Stable carbon and hydrogen isotopic analyses suggest that the gas presents a predominantly thermogenic origin from a humic source, with some biogenic contribution.
Vitrinite reflectance values of the coal and carbonaceous shales in well CBM001-ST-RS range from 0.65 to 2.61% Rrandom (high volatile C bituminous to semianthracite), with most reflectance values suggesting a rank of high volatile A Estimates of methane volumes contained in the coal-bearing strata. The 3D model allowed volume calculation for the coal seams in the study area and formed the basis for calculations on gas content and CO 2 storage capacity. According to the model, the four coal-bearing parasequences of the study area are dominated by siltstone and sandstone lithologies, with coal volume in the order of 3.212 x 10 6 m 3 coal. In order to estimate the methane content associated with this coal volume, the coal volume was transferred to its mass equivalent (5460.4 x 10 6 t of coal) and multiplied by the mean desorbed gas volume (1.004 cm 3 /g), suggesting a volume of 5.5 Billions of m 3 of methane associated with the coal seams and carbonaceous shales of the study area.
Methane and carbon dioxide sorption capacities. The experimentally determined methane and carbon dioxide sorption capacities show a high positive correlation with TOC content of the samples. For carbon dioxide the linear regression showed a non-zero intercept, indicating a significant sorption capacity of the mineral matter, whereas this was not the case for methane.
The measured gas contents of the coal seams correspond to 15% to 40% of the sorption capacity. The CO 2 sorption capacity at mean reservoir pressure is 2 to 7 times higher compared to the methane sorption capacity.
Based upon sorption capacities and reservoir conditions, a storage potential of 13.8 Gt CO 2 in coal seams and carbonaceous shales of the study area was estimated. This amount would increase to 15.4 Gt, if all methane were produced from coal seams prior to carbon dioxide injection.
